Abstract. To test the feasibility of using short oligonucleotide probes to monitor transcript levels in Plasmodium falciparum, a microarray was manufactured containing 4,167 (25 base single-stranded) probes derived from the predicted coding region of P. falciparum chromosome 2. RNA samples from three asexual stages (rings, trophozoites, and schizonts) were labeled and hybridized to the arrays. These results were reproducible, and transcripts were detected for 69% of the 210 genes on chromosome 2. In addition, of the 145 expressed genes, 1/3 appeared to be differentially transcribed during the asexual cycle. Some regions of the chromosome appeared to be transcriptionally silent. Results were confirmed by Northern blot analysis and by quantitative reverse transcriptase-polymerase chain reaction. These data validate the use of relatively short 25-mers for monitoring the expression of a genome that is 82% AT rich.
INTRODUCTION
As the causative agents of malaria, parasites of the genus Plasmodium are major contributors to global morbidity and mortality. Although once in decline, political unrest and the spread of antimalarial drug resistance has created a resurgence in the number of cases. There are now 300-500 million cases per year. In Africa, it is estimated that malaria results in approximately 1.5 to 2.7 million deaths annually, primarily in children under five and is a significant health threat to travelers. 1 Because it is virtually impossible to select or screen for P. falciparum mutants that fail to invade red blood cells or which cannot differentiate once inside, the identification of factors controlling the molecular development has been difficult. Knowing which genes are associated with particular biochemical pathways and stages of the life cycle would provide a wealth of new drug targets and increase our understanding of the malaria parasite.
In the past few years, mRNA expression profiling using microarrays has emerged as an important new technology for determining gene function in genetically intractable organisms. In many organisms, genes that show similar expression patterns often function in similar biochemical pathways. The key to this technology working well is to generate high-quality data over a large number of conditions for every gene in the genome.
One type of microarray, which has been widely used in other organisms but whose use has not been explored in P. falciparum, is the oligonucleotide array. 2 Such arrays are synthesized in situ by photosensitive photolithography. Because of the combinatorial nature of their synthesis, hundreds of thousands of different 25-mers can be placed in a small area. The advantage of such an approach is understandable. Because gene-coding regions are not obvious and annotations are likely to change in the years following a genome's release; such a full coverage allows different gene prediction models to be tested. Unlike arrays that depend on cDNA libraries or a single probe per gene, such an approach ensures that significant genes will probably not be overlooked and allows a statistical treatment of the data. Another advantage of oligonucleotide arrays is their specificity. A single mismatch between a 25 base probe and its target sequence will disrupt hybridization. This feature can be exploited to identify and track allelic variation in the genome sequence. 3 In addition, the oligonucleotides are synthesized in situ and are, thus, unlikely to be contaminated by spurious polymerase chain reaction (PCR) products. The identity of each probe is known with much more certainty than if PCR products or oligonucleotides are robotically deposited. Finally, because the arrays are manufactured, reproducibility is generally higher allowing more sophisticated analyses to be performed. Despite their apparent advantages in a number of situations, one potential problem associated with oligonucleotide arrays synthesized by photolithography is their short probe length (generally no more than 25 bases). Because P. falciparum is very AT rich (>80%), hybridization efficiency is expected to be reduced. Therefore, it is possible that hybridization with short 25-mers would be problematic, and longer oligonucleotides that cannot currently be synthesized using photolithography might be needed to generate accurate expression profiles. In this work, we describe the design of an oligonucleotide array containing probes to all of the predicted genes in chromosome 2. We profile the transcriptome of the asexual cycle and confirm the results using Northerns and reverse transcription PCR. We find that many genes that are known to be highly expressed in the intraerythrocytic cycle, appear to be highly expressed using these arrays, and that the results are reproducible. Furthermore, we identify those genes on chromosome 2 whose expression appears to be changing over the course of the intraerythrocytic cycle.
RESULTS AND DISCUSSION
To test whether short oligonucleotide arrays can give accurate estimates of transcript abundance in P. falciparum, a test array was manufactured by Affymetrix, Santa Clara, CA, which bears 4,167 (25 base single-stranded) probes to the 210 annotated genes on P. falciparum chromosome 2. For this design, the number of probes per predicted P. falciparum gene was dependent on the length of the gene. Approximately one probe was selected for every 200 bases of predicted coding region, resulting in a larger number of probes for larger genes, such that the number of probes per gene varied from 2 (PFB0165w, PFB0885w, and PFB0140w) to 117 (PFB1055c, PfEMP1). The probes were selected using new probe selection rules (see Materials and Methods) and synthesized in a high-density format by Affymetrix. These P. falciparum probes were placed on a 400,000-probe array, which was created for the purpose of measuring gene expres-sion levels for approximately 80,000 human expressed sequence tags (ESTs). In contrast to typical Affymetrix designs, only perfect match probes were included, and the nonplasmodium genes on the array were used for background subtraction purposes.
We then obtained synchronous cultures of asexual parasites by sorbitol treatment. Parasitemia and synchronization were determined by microscopic inspection of Giemsa-stained thin blood smears. Experiments were performed in triplicate using three separate synchronizations and cultures. In all cases, ring-stage parasites were collected approximately 48 hours after sorbitol addition, trophozoite stages at 20 or 24 hours after the ring stage, and the schizont starting around 16 hours after the trophozoite collection. Total RNA was isolated from the parasites, and then double-stranded cDNA was synthesized using an oligo-dT primer fused to a phage T7 promoter (see Materials and Methods). The cDNA was used as a template for an in vitro transcription reaction in the presence of biotinylated ribonucleotides. cRNA was fragmented and hybridized to the arrays. Following hybridization, the arrays were stained with a streptavidin-phycoerythrin conjugate and then scanned to determine an intensity value (70th percentile of the 25 pixels per probe) at each of the 4,167 P. falciparum probes on the array. The match only integral distribution-(MOID) algorithm was used to generate an expression level (E) for each annotated gene. 4 Samples were normalized over the course of the experiment such that the sum of all P. falciparum E were equal. Expression varied from 0 to over 45,000 units for the P. falciparum genes. Only 145 of the 210 genes were expressed (Table 1) in at least one of the stages examined, whereas 19 of the 145 expressed gene were expressed just above background (from 200 to 300).
We found that the results of the hybridizations were reproducible ( Figure 1 ). Variability was observed, but mostly in the same range of intensity ( Figure 2 ). For trophozoite-totrophozoite and schizont-to-schizont comparisons, the correlation coefficients (r) of logarithmic values were 0.91 and 0.90, respectively ( Figure 2B and 2C) . The ring-to-ring comparison was lower than expected (r ‫ס‬ 0.77, Figure 2A ). This is very likely attributable to variability in the synchronization process and to not collecting parasites at the exact same developmental stage. For example, one of the ring triplicates may have been closer to the trophozoite stage. In fact, most of the genes, such as merozoite-surface protein 2 (MSP2 or PfB0300c) or SERA antigen/ papain-like protease (PFB0340c), showed differences in transcript levels and were later determined to be varying over the time course of the asexual erythrocyte cycle.
We found, not unexpectedly, that the genes showing the greatest numbers of transcripts per cell were already known to be associated with the asexual phase of the parasite's life cycle. For example, we found that the knob-associatedhistidine rich protein (KAHRP or PFB0100c) and MSP2 (PfB0300c) were highly expressed in rings and schizonts, respectively. In the same way, the SERA antigen/papainlike proteases (PFB0330c, PFB0335c, PFB0340c, PFB0345c) were also highly expressed in schizonts. E was very low for the gene encoding the transmission blocking antigen, which is known to be expressed in gametocytes. 5, 6 High expression was also noted for genes encoding the ribosomal proteins that were not expected to have an organellar origin (PFB0445c and PFB0885w, PFB0830w) and for genes involved in ribosomal RNA processing (PFB0455c). In contrast, most genes that were located in the subtelomeric regions, such as those encoding rifins and the PfEMP1 fragments, were not appreciably expressed. In fact, genes that were not expressed often appeared to be adjacent to other genes that were not expressed, suggesting that the transcriptome of P. falciparum may be organized into domains, such as that from PFB0220w to PFB0235w, which may be transcriptionally silenced. [7] [8] [9] These expression results were also in agreement with results obtained from sequencing of cDNA libraries: Of the 35 ESTs mapping to chromosome 2 that were detected by sequencing a cDNA library derived from mixed asexual parasites, 33 were within our set of 145 expressed genes (Table 1) . We also compared our results with those obtained with SAGE analysis (D. Wirth personal communication, Harvard), and results were generally in agreement (data not shown). 10 To verify these array results using conventional methods, we performed semiquantitative RT-PCR, as well as real time RT-PCR and Northern blot analysis on a subset of genes that were expressed at low levels, moderate levels, or high levels in the schizont stage of the life cycle. (Figure 3 ). Primers were chosen that gave a 300-500 base pair PCR amplification product, and RT-PCR was performed for 20 cycles. 
units).
Quality of the cDNA was tested by examining the amplification product of the PFPK5 gene, which is known to contain introns (data not shown). 11 While it is difficult to compare the results from microarray hybridization and RT-PCR, because of their specific parameters, in both experiments the amount of PCR product correlated with the expression level determined using the array: high levels for the MSP2 and the RESA-H3 genes; moderate levels for the two ATP-dept. acylCoA synthetases; and very low levels or absence for the transmission blocking antigen and rifin genes, respectively. Because the linear range of signal is very abbreviated for PCR using a fixed numbers of cycles, the results were confirmed by real time RT-PCR using the SYBR Green I dye. Here, the detection of the amplification product is monitored by measuring the increase in fluorescence caused by the binding of SYBR I to double-stranded DNA. To overcome saturation issues associated with depletion of primers or nucleotides, fluorescence is measured at every cycle. For these experiments, the calculated threshold (CT) values correlated with the previous semiquantitative RT-PCR analysis ( Figure 3 ). We were not able to amplify the gene PFB0685c, which was already difficult to amplify using conventional RT-PCR.
The Northern blot remains a standard method for the detection of mRNA levels. We performed a Northern blot using probes to four different genes. Again, MSP2 and RESA-H3 were expected to be expressed while the transmissionblocking antigen and rifin genes were not expected to be expressed. Using the Phosphor-Imager (Typhoon) and the Image Analysis Software, a large amount of signal was observed for MSP2 (1512 pixel above background), although the RESA-H3 antigen was barely detected (128 pixels above background). In contrast, no signal was observed for the transmission-blocking antigen or for the rifin gene (Figure 3 ). . Genes highlighted in soft gray are classified as expressed just above background (from 200 to 300 units). Expression levels (E) for rings, trophozoites, and schizonts are the average of three measurements. Genes indicated in italic are those predicted to be changing using a Kruskal-Wallis test (> 95.0% certainty) and found to be differentially transcribed during the asexual cycle. P ANOVA ‫ס‬ probability of a change using an ANOVA test. P kw ‫ס‬ probability of change using a Kruskal-Wallis test. Values of 1 indicated that the probability of change could not be calculated, due to the low level of expression (close to background). All probes were designed to be unique to chromosome 2, but not to the entire genome. Thus, some probes could be excluded from calculations pending the completion of the genome sequence. Measurements for those genes with few probes are less likely to be significant. Stdev represents the standard deviations for each stage's triplicate. Genes in bold are those found in the cDNA microarray results of Ben Mamoun. 23 Underlined genes were found as expressed through sequencing a cDNA EST library derived from mixed asexual parasites.(http://plasmodb.org) Using a Kruskal-Wallis test, we next identified genes that were differentially expressed during the asexual stages (Table  1 ). In the Affymetrix array design, a gene consists of multiple probes, which serve as independent detectors targeting the same mRNA in a sample. Taking advantage of this built-in redundancy, analysis of variance (ANOVA) and Kruskalwalis tests were carried out at the probe level, which used all available probe intensities for the probe set. We found that approximately one third of the chromosome 2 genes were differentially expressed (48% of the expressed genes with 95% of confidence). These included two kinases (PFB0665w, a serine threonine kinase and PFB0815w, a calciumdependant proteine kinase), which are thought to be involved in the regulation of the cell cycle, and proteins recognized to play a key role during the infection, such as PFB0300c, the MSP2 antigen, and KAHRP. [12] [13] [14] [15] [16] We also observed that seven of the eight SERA antigens were upregulated between the ring stage and the schizont stage. These SERA antigens have been well characterized as putative vaccine candidates and are also thought to play a key role during the infection and are known to be differentially transcribed. [17] [18] [19] Finally, we examined average expression value per probe per functional classification for the three different asexual erythrocytic stages of the parasite (Figure 4) . The results highlighted the importance of protein synthesis and transcription during the ring and trophozoite stages. During the schizont phase, we observed an increase in transcription for genes that have functional roles in protein fate, transport, and regulation. Even though a large proportion of the transcriptome is devoted to protein synthesis, we found that only a small proportion of chromosome 2 encodes genes predicted to encode proteins involved in protein synthesis (Figure 4) . Much of chromosome 2 encodes hypothetical proteins, which are by and large not transcribed during the asexual cycle. There are several explanations for this pattern. First, these hypothetical proteins could be expressed in those stages of the parasite's life cycle (sporozoite, liver, or the mosquito stage), which generally are more difficult to work with. Genes expressed at these stages could also be more difficult to recognize than those expressed during the erythrocytic cycle. Alternatively, a portion of the genes encoding hypothetical proteins could be, in fact, not real. It is also worth noting that a high proportion of probes for chromosome 2 are to genes whose proteins fall into the cell envelope category, even though such genes do not account for the majority of the cell's transcripts during the erythrocytic cycle. This emphasizes the fact that the parasite possesses a pool of genes that are not expressed at the same time, but which serve as reservoirs of antigenic variation. It is also worth noting that even though a good proportion of the parasite's chromosome 2 asexual transcripts are from genes encoding proteins with unknown functions, only a small proportion of chromosome 2 coding region is devoted to such genes. Because of the complex nature of the parasite's life cycle, it will be particularly interesting to discover the function of these genes.
Even though this is the first report of using oligonucleotide arrays for gene expression analysis in Plasmodium, other types of microarrays have been used for similar purposes. [20] [21] [22] [23] [24] In one example, a spotted cDNA microarray was constructed using stage-specific cDNA libraries and hybridized with labeled RNA from different asexual stage parasites. 23 For this experiment, only 12 of the arrayed genes mapped to chromosome 2 (see http://www.plasmodb.org). 23 In seven cases, we also observed high expression (> 1000 units) ( Table 1 ). In five cases (PFB0250w, PFB0540c, PFB0670c, PFB0835c, PFB0990c) the levels were lower (< 1000 units) but still above background. In contrast, many genes that we found to be highly expressed, such as MSP2; the RESA H3 antigen; PFB0120w, a predicted integral membrane protein, or PFB0455w, ribosomal protein L37A, were either not represented or not detected in the cDNA library. In a second example, a random shotgun DNA library was arrayed and hy- bridized with differentially labeled gametocyte and trophozoite cDNAs to identify those genome regions encoding genes whose transcript levels varied over the course of the two measurements. 22 Both studies have their limitations. First, because it can be difficult to control for the amount of material that is deposited, cDNA microarrays are best suited for determining expression ratios. Neither experiment attempted to be comprehensive, because the probes were derived from libraries instead of from gene annotations. In the former case, as the microarrays were derived from cDNA libraries, highly expressed genes, such as the SERA antigens, are likely to be overrepresented. In addition, it is difficult to assign confidence to a measurement with only one or two probes per gene, and double-stranded cDNA libraries may not allow the so-called strandedness of transcript to be determined, resulting in ambiguity in assignments. Experiments relying on a single longer oligonucleotide probe per gene are less likely to be quantitative because of each oligonucleotide's different hybridization properties, which may be the result of unpredicted secondary structure. Because shorter oligonucleotide arrays show high specificity and because of the increased numbers of probes per gene, more confidence in any measurement is achieved.
The fact that the malaria genome is more than 80% AT rich is also clearly not a problem for this new technology. From analysis of other arrays, it is known that probes with AT content below 70%, perform well even though they can yield a wide range of signals. Only 15 out of the 210 probe sets have more than 30% of their probes with an AT content greater than 70% (50% in the worst case). Since MOID algorithm retrieves a gene's expression value around the 70 th percentile of each probe set, an expressed gene can still be detected despite its AT richness. If we measure the homogeneity of a probe set by (I 0.75 -I 0.65 )/ I 0.70 , where I pct is the integral percentile defined by the MOID algorithm, the score is around 0.45 for a malaria sample on our array, while it is around 0.35 for an established human Affymetix array. The score of 0.35 implies the disagreement among signals from probes of the same probe set. Despite this diversity, this established Affymetrix technology is known to give good estimates of transcript abundance 25 . The 0.10 additional diversity for the Plasmodium array may be caused by the AT-rich nature of the Plasmodium genes, but this is likely not to have a great effect on experimental outcomes.
Of course, the studies described here function mostly as feasibility studies. A more detailed analysis of the asexual cycle will require more frequent sampling, and of course, an array containing probes to the entire genome. In addition, the studies described here also depend on whether the original chromosome 2 annotations were correct.
Despite these limitations, it is clear that oligonucleotide arrays are well suited to the global analysis of the Plasmo- dium transcriptome. Identification of biological pathways, as well as genes with roles in specific phenotypes, such as drug resistance, genes that are associated with severe malaria, or genes that may encode new drug targets, should be achievable now that the sequence of this major pathogen is almost complete [26] [27] [28] .
MATERIALS AND METHODS
Probe selection. The empirical selection rules for the oligonucleotide probe design were adapted from the analysis of the expression patterns observed using the Hu6800 Affymetrix array across 21 different conditions. The oligonucleotide sequences with an intensity pattern most similar to the whole probe set average difference values were identified and their characteristics analyzed. They were further classified into two groups: those which were consistently dim and those which were consistently bright, based on the average of the set. The principal components for the consistently good probe behavior were found to be the thermodynamic stability of the probe-template duplex quantified by melting temperature, Tm and the GC content. Tm was calculated as described in Rychlik, 1990 . 29 Other analyzed properties included singlebase frequencies, double-base combination frequencies, different variations on the secondary structure of the probe, and the 50-and 75-base extended template segment. These latter properties showed no statistically significant correlation with the observed ad hoc quality of the probe.
Subsequently, the constraints for the 25-nucleotide oligonucleotide probes in the design were imposed as follows: the number of G (or C) bases was not more than ten; the number of A (or T) bases was not more than 12; the G+C content fell within the 20-80% range (i.e., number of G + C bases was between 5 and 20) with a preferred value of 50%; the Tm had a preferred value of 60°C; and Affymetrix production constraints that the number of technologic steps be less than 75. The probes were designed by selecting the best probes in consecutive windows over those masked by RepeatMasker [*A.Smit, unpublished] from predicted coding regions from P. falciparum chromosome 2 . 27 The nonbase and unknown characters were avoided. Once a probe was selected, all other instances of the same 25-mer were removed from the set.
Parasite culture and RNA extraction. All 3D7-strain parasites were grown in human O+ erythrocytes as previously described at 5% hematocrit in RPMI 1640 (Gibco Life Technologies, Carlsbad, CA) with L-Glutamine and 37 mM Hepes supplemented with 0.25% Sodium bicarbonate (Gibco Life Technologies), 0.05mg/mL Gentamicin (Gibco Life Technologies), Hypoxantine 1X, 0.2% glucose, 5% heatinactivated human plasma O+ plus 0.25% albumax II (Gibco Life Technologies). 31 Cultures were synchronized with 5% D-sorbitol for 15 min at room temperature to select parasites in ring stage. 32 Sorbitol treatment was repeated 2 days later, and the cultures were then diluted. Cell pellets were collected after 48 hours (ring stage), between 68 and 78 hours (trophozoite stage), and at 90 hours (schizont stage).
RNA extraction was performed as previously described.
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Briefly, parasitized red cells were rapidly lysed in Trizol LS (Gibco Life Technologies), in 10-20 pellet volumes depending on the stage, and stored at −80°C. Chloroform was then added to 20% total volume; the samples were mixed and centrifuged at 12,000g @ 4°C for 30 min. The upper aqueous layer was transferred to a new tube, and the RNA was precipitated with 0.8 volumes isopropanol over night at -20°C. Precipitated RNA was collected by centrifugation and resuspended in 0.01 volume of DEPC water (Ambion, Austin, TX). Total RNA was cleaned using an RNeasy mini kit (Qiagen, Valencia, CA), quantified, analyzed on formaldehyde agarose gel, and stored at −80°C.
Preparation of cRNA for sample hybridization. 5 g of total RNA was used for cDNA synthesis. To prepare the first strand of cDNA synthesis, total RNA was incubated at 70°C for 10 min with the T7T24 primer. Buffer and SuperScript II RT enzyme (Gibco Life Technologies) were added, and the reaction was incubated 1 hour at 42°C. The second-strand cDNA synthesis was performed by adding the second-strand buffer, Escherichia coli DNA ligase, E. coli DNA pol I, and E. coli Rnase H (Gibco Life Technologies) and incubating 2 hours at 16°C. The synthesis was completed using T4 DNA polymerase (Gibco Life Technologies) for 5 min at 16°C. 5 nM of EDTA was added to stop the reaction. cDNA was purified using the QIAquick kit (Qiagen). Eluted DNA was dried and resuspended in 22 L of RNase free H 2 O (Ambion) and frozen at −20°C until its use in the in vitro transcription (IVT) reaction. IVTs were performed using the RNA transcript labeling kit T7 (Enzo), according to the manufacturer's instructions. cRNA products were cleaned using an RNeasy mini kit and quantified.
RNA fragmentation, hybridization and scanning. All 15 g of cRNA was dissolved in fragmentation buffer (250 mM tris Acetate, pH 8.1, 150 mM MgOAc, 500 mM KOAc), incubated at 94°C for 35 min, and then analyzed on a 10% Polyacrylamide/TBE/Urea gel. Fragmented cRNA was added to 300 L of hybridization buffer (1X MES buffer [100 mM MES, 1 M (Na+), 20 mM EDTA, 0.01% Triton X-100], 0.1mg/mL Herring Sperm DNA (Promega), 0.5mg/ml BSA (Gibco-BRL) and 15 nmole of 213B 3Ј-biotin control oligonucleotide that hybridizes to control features on the gene array). Samples were heated to > 95.0°C for 5 min and then applied to the oligonucleotide array. Hybridizations were carried out at 45.0°C for 16-18 hours with mixing on a rotisserie at 60 rpm.
Following hybridization, the solutions were removed, the arrays were washed with nonstringent wash A buffer (6x SSPE-T [0.9 M NaCl, 60 mM NaH2PO4, 6 mM EDTA, 0.01% Triton X-100, pH 7.6 at 25°C]), followed by stringent wash B buffer (1x MES buffer, 0.1 M NaCl, and 0.01% Triton-X 100), at 50°C. Arrays were then stained with R-PhycoerythrinStreptavidin (10 g/mL; Molecular Probes)(SAPE) in 1x staining buffer (100 mM MES, 1M [Na+], 0.05% triton X-100) with BSA [0.5mg/mL] for 15 min at 37°C, followed by rinsing with wash A buffer. The signal was amplified with a biotinylated antistreptavidin antibody (1.25g biotinylated antistreptavidin antibody (Vector Laboratories)) in 1x staining buffer, with 0.5mg/mL BSA, followed by a second streptavidin-phycoerythrin staining, according to standard Affymetrix protocols. All washes were automated on a fluidics station (Affymetrix). Gene arrays were then scanned at an emission wavelength of 560nm at 3m resolution using a confocal scanner (Affymetrix). The hybridization intensity for each 25 base pair probe from each scan was computed using the 75th percentile method in Microarray Suite 4.
RT-PCR, real time PCR and Northern blot. 10 g of total RNA was used for cDNA synthesis. The RNA was first incubated with Dnase I (Ambion) at 37°C for 30 min, then cleaned using RNAeasy kit (Qiagen), and then quantified. The cDNA was synthesized as described previously for the first step of cRNA preparation. One aliquot of the total RNA was used for the negative controls with no superscript II RT enzyme added to the first strand reaction. A PCR using the Extaq polymerase (Takara) was then performed for 20 cycles with two different primers chosen from within the coding region of each selected gene. (PFB0300c: forward primer 5Ј- GCA AAA GAT AAA ACA AGT GTT GC-3Ј, reverse primer 5Ј; PFB0405w: forward primer 5Ј-AAG GGG GTG AAG GAG ATG AT-3Ј, reverse primer 5Ј CTT TTC GTT AAC CGT CGG AG-3Ј; PFB0665c: forward primer 5Ј-TTT TGG ATG TCC ATT TGC AT-3Ј, reverse primer 5Ј-AAG CAT ATA TGT GTT TGT TAT TTA CTG-3Ј; PFB0695c: forward primer 5Ј-CAT CAT ATT CTG CAA GAC CCA-3Ј, reverse primer 5Ј-TCG AAC ATG CTT ATG GTG AA-3Ј; PFB0915w: forward primer 5Ј-TGC GCA TAT AAA AGG TTT GG-3Ј, reverse primer 5Ј-TCA ATG CGT TTC TCT TTT TGG-3Ј; PFB0955w: forward primer 5Ј-TGC AAC ATG CTG TTT TAT GT-3Ј, reverse primer 5Ј-TTC CTT TTC CAT ATT CGA GGA-3Ј; PFPK5: forward primer 5Ј-ATG GAG AAA TAT CAT GGT TTA G-3Ј, reverse primer 5Ј-TTA ATT GTT TTC TTT AAA ATA CGC-3Ј). For the real time PCR, the same set of primers was used with the SYBR® Green PCR Master Mix (Applied Biosystems) for 40 cycles.
Northern analysis was performed according to the manufacturer's protocol (NorthernMaxTM -Ambion). Briefly, 15 g of total RNA was subjected to gel electrophoresis and blotted onto a Brightstar-plusTM nylon membrane (Ambion). It was then probed with a gene-specific DNA probe. All probes (PFB0300c, MSP2; PFB0405w, transmissionblocking target antigen PFS230; PFB0915w, RESA-H3; PFB0955w, rifin) were derived from the amplification product of genomic DNA using the primers described above. DNA probes were radio labeled with [␣-32 P] dATP, using the Nick translation kit (Amersham Pharmacia Biotech, Piscalaway, NY). Blots were visualized and intensity was monitored using a phosphor-Imager (Typhoon).
Ethical review. Informed consent was obtained from all human adult participants and from parents or legal guardians of minors, with an appropriate institutional review board having approved the project. No animals were used in this project. 
